Problems of the data processing improving for pavement structure evaluation with help of subsurface radar probing are discussed. Iterative procedure to solve the inverse problem in frequency domain is used on the base of the genetic algorithm. For improving of data processing effectiveness it is proposed to use a modified genetic algorithm with adaptation of search range of pavement parameters. The results of reconstruction of electro-physical characteristics for model of five-layered pavement structure are presented.
Introduction
Roads are subjected to heavy loadings and harsh environmental conditions, due to which they deteriorate with time. The rate of deterioration depends on the construction materials used, rate of loading, and environmental conditions. Therefore, road performance has to be monitored to evaluate the rate of deterioration and need for maintenance and rehabilitation. Pavement structural evaluation is concerned with the structural capacity of the pavement, layer thickness, and material properties. It is used to obtain information on the load-bearing capacity of roads to evaluate the need for maintenance and rehabilitation, asset pavement evaluation, and construction quality control.
The inner structure of typical pavement ( Fig. 1 ) consists of some layers: surfacing, base, sub-base, improved sub-grade and sub-grade [1] . Surfacing is the riding surface of the road and varies from a light bitumen spray with stone chippings (bitumen surface treatment) to one or more layers of dense bitumen surfacing. Base is the main load-spreading layer of the road pavement. It must be constructed of high quality brick or stone aggregate. Sub-base is the secondary load-spreading layer of the pavement. It is usually either crushed stone, broken brick aggregate (frequently mixed with sand) or locally available gravel. Improved Sub-grade is imported material (e.g. fine or coarse sand) that is locally available. It is intended to act as a cushioning layer between weak sub-grades and the road pavement layers (if the sub-grade is of sufficient strength then an improved sub-grade may not be required.
Sub-grade is the soil immediately beneath the road structure. During assessment evaluation of pavement conditions information must be gathered about the surface of the road, the structural strength of the material used in the pavement and roadbed construction. Pavement condition evaluation and monitoring using traditional methods such as visual inspection are labour intensive, slow and expensive. More efficient and automated methodology for road pavement inspection by using ground penetrating radar (GPR) is proposed to identify the cause of existing problems and define optimal strategies for repair and rehabilitation.
GPR has been used extensively in the road pavement for quite some time and was performed in early 1980s. Most of the research and development works in road application have been performed with low frequency (100-5000 MHz) to evaluate and survey the road pavement layers condition [3] .The majority of GPR applications resolves around the estimation of layer thickness using the travel-time technique, where the layer thickness is presented in form of so-called radar traces [2] . To provide the required effectiveness of structural evaluation it is necessary to perform reconstruction of electro-physical parameters of pavement layers. Such reconstruction can be achieved by solving the inverse problem of roadway subsurface radar probing [3] .
Inverse Problem of Pavement Subsurface Radar Probing
To solving the inverse problem the comparison method may be used in which the results of the radar forward problem solution for an assumed subsurface structure with limited area of electro-physical parameters changing are comparing with data of radar probing. The comparison method may be performed both in the frequency domain and in the time domain. We used the comparison method for investigated the inverse problem of roadway coverage radar probing in the frequency domain [4, 5, 7] .
The model-based approach for radar probing data inversion of roadway coverage in the frequency domain is presented on Figure 2 . 
where POS P -is a set of possible (allowed) values for parameters of probed medium. The set of allowed values for parameters is determined on the basis of pre-existing hypotheses about internal structure of probed medium. The component i p is electro-physical parameter of layers for n-layered model of probed media. Electro-physical parameters of each layer are as follows: layer thickness h, electrical conductivity σ and relative dielectric permittivity ε of the layer's materials.
Calculating of theoretical spectral density ( ) 
where n max -index of the spectral component with frequency f max .
Block diagram of basic iterative procedure for solving inverse problem of pavement subsurface radar probing in frequency domain is shown on Figure 3 . If the value of the aim function Φ is not more than the value of a threshold α, then solving the inverse structure problem is finished.
The value of a threshold α is set as follows:
where av P -is the averaged mean power of those spectral components ( ) 
Modification of Genetic Algorithm for Solution of Inverse Problem
Inverse problem of pavement subsurface radar probing can't be solved exactly within bounded computation times. This generates much interest in search algorithms that find near-optimal solutions in reasonable running times.
The modified genetic algorithm with the adaptive narrowing parameter's search range is a search algorithm capable of locating good solutions efficiently. The algorithm could be regarded as belonging to the category of "intelligent" optimisation tools [6] .
Block diagram of iterative procedure to solve radar inverse problem of pavement subsurface radar probing with using of modified genetic algorithm is shown in Figure 4 . In the first stage the values of the search range min P and max P are determined a priori information about the probed roadway. Values К и N pop (population size) are set by the user in beginning of solving the inverse problem. Therefore we refined the search ranges in the first stage, when the K value was low.
For the given parameters of genetic algorithm initial population is generated. Then, for each сhromosome objective function is calculated in accordance with (2) . If the initial search ranges are used, the best сhromosomes are sought, such whose aim function is less than α If the number of best сhromosomes in the population is less than half of the population size, the new generation is created and a new iteration of the inverse problem solution is performed. If the number of the best chromosomes in the population is more than half of the population size N pop /2, the new ranges are determined for each parameter. For this case the best сhromosomes of generation are used in order to calculate the averages (means) and root-mean-square values for each reconstruction parameter. The obtained estimations allow to use a new range for searching of pavement parameters min P and max P . This allowed us to narrow the search range adaptively, and for each electro-physical parameter differently.
In the second stage value K was set by large, therefore the threshold α was reduced, and then searched the parameters of the M P vector. The new generation is formed with the using of new min P and max P , and then the next iteration of the inverse problem is performed. However, one of the best individual of generation is sought in the second stage If the value of the aim function Φ for such сhromosome is not more than the value of a threshold α, then solving the inverse structure problem is finished. The values of best сhromosome parameters are used to determine the vector * M P , which is the solution of the inverse problem.
Model-Based Investigation of Modified Genetic Algorithm of the Pavement Subsurface Radar Probing Inverse Problem

Basic model of the pavement structure
The five-layered model of the pavement structure has been used in our investigations. Electrophysical parameters of the model partial layers as well as the parameters of two semi-infinite spaces (upper space -air, and low space -sub-grade) are presented in Table 1 . The electro-physical parameters of the pavement structure has been modelled taking into account that the roadway coverage layers are composed of such materials as asphalt, concrete, crushed stone, crushed slag, sand and others.. The average relative displacement of relative dielectric permittivity reconstruction results of the first layer value is less than 2%, the relative RMS slightly depends on K. Displacement and RMS values of reconstructed relative dielectric permittivity of the second and third layers is almost linearly dependent on the width of the search ranges and almost independent of K. Displacement values of reconstructed relative dielectric permittivity of the other layers is independent on the width of the search ranges and close to zero for small values of K, but depends linearly for large values of K. However, the RMS values of these parameters are linearly dependent on the width of the search ranges. On Figure 9 we have shown the influence of initial width of search ranges and value K on average relative displacement (Fig. 9 a, c, e) and normalized RMS values (Fig. 9 b, d, f Character of the influence of the search range widths and the coefficient K is explained by to the degree of influence of each electro-physical parameter on the aim function. Figures 10, 11 and 12 show the cross section of the aim function along all electro-physical parameters (directions). The cross-sections of the aim function along the relative dielectric permittivity of the all layers are asymmetrical (Figure 10 ). The aim function increases more slowly, if the value of the relative dielectric permittivity of each layer increases with respect to the model value. Degree of asymmetry of the crosssections is different. The cross -section along the relative dielectric permittivity of the second and third layers have the greatest asymmetry. The asymmetry of the aim function with respect to the model values of the relative dielectric permittivity is causing displacement of the reconstructed relative dielectric permittivity of the first three layers (Fig. 9 a, c, e) . The cross-sections of the aim function along the thickness of the all layers are symmetrical (Fig. 11) , except for the cross-section along the thickness of the first two layers (Fig. 11 a, b) . The asymmetry of the aim function with respect to the model values of the thickness is causing displacement of the reconstructed thickness of the first and second layers (Fig. 6 a, c) . The local maximums and local minimums are presented at the cross sections of the aim function along the thickness of the bottom two layers (Fig. 11 d, e) . This can be explained by large thicknesses of these layers. The maximum values of the aim function for each section characterize the sensitivity to changes in the aim function of each parameter (for each parameter). The aim function is most sensitive to changes in the relative dielectric permittivity of the first layer. This explains the independence of the relative displacement and the normalized RMS of the reconstructed values of the search range width and the coefficient K (Fig. 5 a, b) . The aim function is low sensitive to the changing in electrical conductivity. The low sensitivity of the aim function to the changing any of parameters is shown in a linear dependence of the normalized RMS of the search range width (Fig. 6 b, d, f; Fig. 7 b, d, f; Fig. 8 b, d, f; Fig. 9 b, d, f) . The linearity of these dependences shows that the set of reconstructed parameter values are distributed in a uniform law. Therefore, the relative average displacement of these parameters is close to zero. The width of the new search range is determined by using of RMS dependences.
If the cross section of the aim function along the electro-physical parameter is asymmetric, the growth of K increases the relative average displacement of the reconstruction value of this parameter (Fig. 4-Fig. 7) .
In order to define the optimal value K we researched the influence of relative width of the initial search range and coefficient K on generation amount (iteration of GA) to change the width of the search ranges and on number of the best individuals (chromosomes) are used to determine the displacement and RMS of reconstructed values of electro-physical parameters. The obtained dependences are shown on Figure 12 . The population size was about 100; therefore, the definition of new search ranges was performed after the generation of at least the 50 best individuals in the population. We see that for K = 50 the generation amount of increases significantly, but an increase in K does not reduce the relative displacement and RMS of reconstructed values (Fig. 4 -Fig. 8 ). Value K was selected in the range of 15 ... 30.
Improving the iterative procedure to solve radar inverse problem with the adaptive narrowing parameter's search range
To improve the algorithm for solving of the inverse problem with adaptive narrowing of the search range necessary:
• to perform analysis of the distribution of values in the search ranges after the formation of the specified number of the best individuals; • to define new search range for those parameters only that have irregular distribution of values in the search range; • to define new search range taking into account displacement and RMS of reconstructed parameter; • to define threshold α as the mean value of the aim functions of the best individuals after each refinement of search ranges; • after refinement search range to determine the best individuals, and then the electro-physical parameter`s values, which have been found the best individuals, to use for calculate the average and RMS values of the electro-physical parameter, and calculated values are considered reconstruction values; • to set the number of the best individuals of at least 100 to ensure that the conditions of the statistical processing of the results. To do this, the following changes and additions were made to the algorithm 1. The value of K was chosen to be 20, and possible displacements of the reconstructed relative dielectric permittivity of all the layers are defined except the first layer and possible displacements of the reconstructed thickness the first three layers.
2. If the condition is "the number of the best individuals of more than half the size of the population" (at least 100) is satisfied, the average, RMS, coefficient of excess, coefficient of variation and the normalized RMS are determined using electro-physical parameter`s values, found the best individuals. RMS normalized relative half-width of the search range.
3. If the normalized RMS of electro-physical parameter is less than 0.2 (the values, found the best chromosomes, not distributed in a uniform law), we calculated a new search range for this parameter.
4. The middle of the new interval is calculated using the average, standard deviation and coefficient of excess. The displacement is used only for the first refining the search range. Further width and boundaries of the new search range are calculated with using RMS and coefficient of excess.
5. After finding a new search range for at least one electro-physical parameters, the new threshold value α is calculated equal to the average value of the aim function of the best individuals. The new value α used in the next iteration to determine the best individuals.
6. If the search range for a parameter is performed with a coefficient of variation of less than 0.03, the definition of the new search ranges for this parameter is terminated. This condition reduces the probability that a new search range does not contain the true value of electro-physical parameter.
7. The calculation of the new search ranges is complete when calculating new search ranges for the relative dielectric permittivity and thickness of the all layers, or performing a specified number of iterations of the algorithm.
After determining the new search range a new generation of individuals is formed, the best individuals are identified and the electro physical parameter's values found best individuals are averaged.
The averaged values of the electro-physical parameter are the solution of the inverse problem.
In order to evaluate the algorithm, we determined the narrowing coefficients that characterize the narrow of search ranges. Figure 14 shows the values of these coefficients for the relative dielectric permittivity and thickness of the layers. The results were obtained when the relative half-width of the initial search ranges were equal to 25%. At such initial search ranges to narrow of range number of iterations are not greater than 10. The search range of first layer relative dielectric permittivity is specified at the first iteration always. This increases the sensitivity of the aim function to change of other parameters and allows to narrowing the search ranges for relative dielectric permittivity and thickness of other layers. However, narrowing the search range for electrical conductivity was not made.
Conclusions
To obtain near-optimal solutions of GPR inverse problem in reasonable running times it is proposed to use a modified genetic algorithm with the adaptive narrowing parameter's search range. Model-based investigation of this algorithm for five-layered pavement is performed to receive following results:
using the characteristics of the distribution of values in the search ranges can be consistently narrow the search ranges of electro-physical parameters; adaptive narrowing of search ranges increases the sensitivity of the aim function to changes of other parameters of the layers; using adaptive algorithm of search ranges parameters is possible to narrow the search ranges reconstruction of parameters and the duration of the inverse problem solving.
